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Summary
Given the complexity of the nervous system and its capacity
for change, it is remarkable that robust, reproducible neural
function and animal behavior can be achieved. It is now
apparent that homeostatic signaling systems have evolved
to stabilize neural function [1–3]. At the neuromuscular junc-
tion (NMJ) of organisms ranging from Drosophila to human,
inhibition of postsynaptic neurotransmitter receptor func-
tion causes a homeostatic increase in presynaptic release
that precisely restores postsynaptic excitation [4]. Here we
address what occurs within the presynaptic terminal to
achieve homeostatic potentiation of release at the
Drosophila NMJ. By imaging presynaptic Ca2+ transients
evoked by single action potentials, we reveal a retrograde,
transsynaptic modulation of presynaptic Ca2+ influx that is
sufficient to account for the rapid induction and sustained
expression of the homeostatic change in vesicle release.
We show that the homeostatic increase in Ca2+ influx and
release is blocked by a point mutation in the presynaptic
CaV2.1 channel, demonstrating that the modulation of
presynaptic Ca2+ influx through this channel is causally
required for homeostatic potentiation of release. Together
with additional analyses, we establish that retrograde, trans-
synaptic modulation of presynaptic Ca2+ influx through
CaV2.1 channels is a key factor underlying the homeostatic
regulation of neurotransmitter release.
Results and Discussion
The homeostatic modulation of presynaptic neurotransmitter
release has been observed in organisms ranging from
Drosophila to human, at both central and neuromuscular
synapses [4–6]. However, the molecular mechanisms under-
lying this form of synaptic plasticity are poorly understood.
The Drosophila neuromuscular synapse has emerged as
a powerful model system to dissect the cellular and molecular
basis of this phenomenon. Forward genetic screens at this
synapse have begun to identify loss-of-function mutations
that prevent this form of neural plasticity [7–9]. Among the
loss-of-function mutations that have been shown to block
this process is a mutation in the presynaptic CaV2.1 Ca2+
channel [10]. However, these prior genetic data do not inform
us regarding whether this calcium channel normally partici-
pates in homeostatic plasticity or how itmight do so. It remains
to be shown that a change in presynaptic Ca2+ influx through
the CaV2.1 Ca2+ channel occurs during homeostatic plasticity.
It is equally likely that a genetic disruption of the CaV2.1 Ca2+
channel simply occludes this form of plasticity by generally*Correspondence: gdavis@biochem.ucsf.eduimpairing calcium influx or synaptic transmission. Further-
more, if a change in Ca2+ influx occurs during homeostatic
plasticity, can it be shown that this change is causally required
for the observed homeostatic change in presynaptic release?
Finally, if a change in presynaptic Ca2+ influx occurs, can it
account for both the rapid induction of homeostatic plasticity
as well as the long-term maintenance of homeostatic plas-
ticity, which has been observed to persist for several days?
To address these outstanding questions, we probed Ca2+
influx during homeostatic plasticity by imaging presynaptic
Ca2+ transients at the Drosophila neuromuscular junction
(NMJ). We did so by comparing wild-type controls with
animals harboring a mutation in the glutamate receptor
subunit IIA (GluRIIA) of the muscle-specific ionotropic GluR
at the fly NMJ (GluRIIASP16; [11]). The GluRIIASP16 mutation
causes a reduction inminiature excitatory postsynaptic poten-
tial (mEPSP) amplitude, and induces a homeostatic increase in
presynaptic release that precisely offsets the postsynaptic
perturbation thereby restoring EPSP amplitudes toward wild-
type levels. The GluRIIASP16 mutation is present throughout
the life of the animal, and therefore this assay reports the
sustained expression of homeostatic plasticity.
We recorded presynaptic spatially averaged Ca2+ transients
by loading the presynaptic terminal with relatively low concen-
trations (w50 mM; see Experimental Procedures) of the Ca2+
indicator Oregon green 488 BAPTA-1 (OGB-1; Figure 1A,
right). Synapses were also filled with a red, Ca2+-insensitive
reference dye to assist with the calibration of dye loading
(Alexa 568; Figure 1A, left). Single action potential (AP)-evoked
Ca2+ transients were measured using line scans across single
type 1b boutons residing atmuscle 6/7 in abdominal segments
2 or 3 (see Experimental Procedures).
As exemplified in Figure 1B, the average peak amplitude of
Ca2+ transients evoked by single APs in GluRIIASP16 mutant
synapses (DF/F = 1.066 0.06; Figure 1C, red data) was signif-
icantly larger than that observed in wild-type controls (DF/F =
0.75 6 0.05; p < 0.001; Figure 1C, gray data). Throughout this
study, average values are presented in figure format, and
sample sizes are reported in figure legends. Averages and
sample sizes of each Ca2+ imaging data set are also presented
in Table S1 available online. Data for experimental and control
groups were interleaved. Baseline OGB-1 fluorescence before
stimulus onset (Figure 1D, left) and fluorescence of the
Ca2+-insensitive dye Alexa 568 (data not shown) were not
different between genotypes (OGB-1, p = 0.4; Alexa 568,
p = 0.44), indicating similar OGB-1 loading across genotypes.
Finally, the Ca2+ transient decay time constant was also not
different comparing wild-type and GluRIIASP16 (Figure 1D,
right; p = 0.19), suggesting that there are no significant differ-
ences in Ca2+ extrusion and/or Ca2+ buffering between control
and GluRIIASP16 synapses.
Two additional controls were performed. There is some
evidence for a functional heterogeneity between boutons of
the Drosophila NMJ, with distal boutons being more effica-
cious than proximal boutons [12, 13]. However, as shown in
Figure 1C (right), we observed a relatively uniform rightward
shift in the distribution of DF/F amplitudes indicating a uniform
increase in Ca2+ influx across all boutons in GluRIIASP16
Figure 1. Enhanced Presynaptic Ca2+ Influx
following Acute or Sustained Disruption of Post-
synaptic Glutamate Receptor Function
(A) Confocal images of boutons filled with Alexa
568 (left) and OGB-1 (right) synapsing onto
muscle 6 of a Drosophila NMJ. The red line indi-
cates the location of the line scan.
(B) Example traces of single AP-evoked, spatially
averaged Ca2+ transients measured by line scans
of a wild-type control (left) and a GluRIIASP16
mutant synapse (right) (average of ten scans
each). The decays are fit with an exponential
function (red).
(C) Average Ca2+ transient peak amplitudes
(DF/F, see Experimental Procedures; left) and
cumulative frequency plot of DF/F peak ampli-
tudes (right) of control (n = 26 boutons, gray)
and GluRIIASP16 (n = 28 boutons, red). Note the
significant (***p < 0.001) increase in Ca2+ transient
amplitude in GluRIIASP16 mutants compared to
control.
(D) Average baseline fluorescence (Fbase) and
decay time constant (t) of the groups introduced
in (C).
(E) Average mEPSP amplitude (mEPSP), Ca2+
transient peak amplitude (DF/F), and quantal
content (EPSP amplitude/mEPSP amplitude;
see Experimental Procedures) of GluRIIASP16
mutants normalized to w1118 controls. Electro-
physiology data of control (average mEPSP = 0.9 6 0.08mV; EPSP = 52.3 6 1.4mV; n = 9) and GluRIIASP16 group (average mEPSP = 0.4 6 0.04mV;
EPSP = 51.4 6 2.2mV; n = 7) are in part based on a separate set of experiments.
(F) Average DF/F peak amplitudes of control group (n = 28 boutons; gray) and PhTX group (n = 36 boutons, red). Note the significant (*p = 0.023) increase in
Ca2+ transient amplitude after PhTX application.
(G) Average baseline fluorescence (Fbase) and decay time constant (t) of the data set introduced in (F).
(H) Left: average mEPSP amplitude, Ca2+ transient peak amplitude (DF/F), and quantal content after PhTX treatment normalized to controls. Electrophys-
iology data of control (average mEPSP = 0.9 6 0.1mV; EPSP = 48.3 6 1.7mV; n = 13) and PhTX group (average mEPSP = 0.47 6 0.03mV; EPSP = 51.2 6
2.6mV; n = 14) are in part based on a separate set of experiments. Right: average quantal content (corrected for nonlinear summation; see Experimental
Procedures) as a function of presynaptic Ca2+ transient peak amplitude (DF/F) of the indicated conditions and genotypes. Data are the same as in
(A)–(G). Data of experimental groups and control groups were collected side by side.
All values are represented as the mean 6 SEM. Raw Ca2+ imaging data are also shown in Table S1. See Figure S1 for further control data.
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was similar regardless of whether one examines proximal
versus distal boutons (Figure S1). Taken together, our data
demonstrate that genetic perturbation of postsynaptic GluR
function induces a sustained increase in the amplitude of
presynaptic Ca2+ transients. Thus, our data provide evidence
for an increase in presynaptic Ca2+ influx in response to a retro-
grade, transsynaptic signal. Given the supralinear relationship
between the extracellular Ca2+ concentration and release [14,
15], the magnitude of the increase in presynaptic Ca2+ influx
observed here (w130% of control; Figure 1E) is expected
to be a major factor underlying the observed homeostatic
enhancement of transmitter release (w200% of control;
Figure 1E).
Acute Perturbation of Postsynaptic Glutamate Receptor
Function Increases Presynaptic Ca2+ Influx
Application of subblocking concentrations of the GluR antag-
onist philanthotoxin-433 (PhTX, 10–20 mM) decreases mEPSP
amplitudes and induces a homeostatic increase in quantal
content in a time frame of minutes [10]. Therefore, we asked
whether presynaptic Ca2+ influx is also modulated to account
for this acute induction of synaptic homeostasis (Figures
1F–1H). We found a significant increase in the amplitude of
presynaptic Ca2+ transients after PhTX application for
10 min when compared to controls (Figure 1F; p = 0.02).
There were no apparent changes in baseline fluorescencebetween the two groups (Figure 1G; p = 0.12), and Ca2+ tran-
sient decay kinetics were slightly but significantly faster
following PhTX treatment (Figure 1G; p = 0.02), suggesting
that PhTX application might also affect Ca2+ buffering and/or
Ca2+ extrusion.
The magnitude of the increase in presynaptic Ca2+ influx
after PhTX treatment (123% 6 5% of control; Figure 1H, left)
was slightly less pronounced than that observed in
the GluRIIASP16 mutant background (130% 6 4% of control;
Figure 1E). This is likely due to the fact that application of
PhTX does not reduce mEPSP amplitudes to the same degree
as the GluRIIASP16 mutation, thereby resulting in a different
homeostatic pressure between the two groups (mEPSP ampli-
tude reduction, PhTX: 52%6 3% of control; GluRIIASP16: 43%
6 3%of control; Figures 1E and 1H, left). As shown in Figure 1H
(right), the different degree of GluR perturbation correlates
with the magnitude of the corresponding homeostatic
increase in presynaptic Ca2+ influx and vesicle release, with
GluRIIASP16 mutants showing a more pronounced homeo-
static increase in presynaptic Ca2+ influx and release (red)
than PhTX-treated synapses (gray). In conclusion, both the
sustained expression and the acute induction of synaptic
homeostasis are correlated with an increase in presynaptic
Ca2+ influx (Figure 1H, right). These data suggest that the
modulation of presynaptic Ca2+ influx is a major target of the
transsynaptic signaling system controlling the homeostatic
increase in transmitter release.
Figure 2. A Mutation in cacophony Blocks the
Homeostatic Increase in Presynaptic Ca2+ Influx
and Release
(A) Representative traces of spatially averaged
Ca2+ transients of the indicated genotypes
(average of 8–12 scans each).
(B) DF/F Ca2+ transient peak amplitudes (average
and cumulative frequency plot) of control (n = 18
boutons; gray), cacS (n = 42; light blue), and cacS;
GluRIIASP16 (n = 30; dark blue). The peak ampli-
tude of cacS mutants and cacS; GluRIIASP16
double mutants was smaller than in control
(both ***p < 0.001), and there was no significant
(n.s.) difference in peak amplitude between
cacS and cacS; GluRIIASP16 (p = 0.5).
(C) Average baseline fluorescence (Fbase) and
decay time constant (t) of the groups introduced
in (B).
(D) Average mEPSP amplitude (mEPSP), Ca2+
transient peak amplitude (DF/F), and quantal
content of cacS; GluRIIASP16 double mutants
normalized to cacS. The dashed line indicates
100% of the respective cacS control value.
(E) Example EPSP traces and mEPSP traces of
the indicated genotypes.
(F) Average quantal content as a function of
presynaptic Ca2+ transient peak amplitude
(DF/F) of the indicated genotypes. All data were
collected at an extracellular Ca2+ concentration
of 1mM. Ca2+ imaging data are the same as intro-
duced in (A)–(C), and electrophysiology data are
in part based on a separate set of experiments
(control: n = 9; cacS: mEPSP = 0.63 6 0.07mV;
EPSP = 29.9 6 3.4mV, n = 4; cacS; GluRIIASP16:
mEPSP = 0.39 6 0.01mV; EPSP = 19.5 6 1.9mV,
n = 7; GluRIIASP16: n = 7; control and GluRIIASP16
data are also shown in Figure 1H). Note the supra-
linear relationship between quantal content and
presynaptic Ca2+. Note the complete block of
the homeostatic increase in presynaptic Ca2+
influx and release in cacS; GluRIIASP16 double
mutants (dark blue).
(G) Representative EPSPs of the indicated genotypes under control conditions (left), and in the continued presence of 50 mM of the K+ channel blocker
4-aminopyridine (4-AP; right) at the indicated extracellular Ca2+ concentrations (in mM).
(H) Average peak EPSP amplitudes in the absence (2) and presence (+) of 4-AP. Wild-type (2), n = 10; wild-type (+), n = 9; cacS (2), n = 15; cacS (+), n = 13.
Note the difference in extracellular Ca2+ concentration between cacS (0.5 mM) and wild-type (0.2 mM). There was no significant difference in the 4-AP-
induced increase in EPSP amplitude between cacS and control (n.s., p = 0.66).
All values are represented as the mean 6 SEM. Raw Ca2+ imaging data are also shown Table S1.
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Synaptic Homeostasis
The Drosophila homolog of the CaV2.1 Ca2+ channel is the
major source of presynaptic Ca2+ influx at the Drosophila
NMJ [16, 17]. A point mutation (F1029I) in the sixth transmem-
brane domain of the third repeat of this channel, termed cacS
[18], completely blocks the homeostatic modulation of neuro-
transmitter release when placed into the background of
the GluRIIASP16 mutant ([10]; see also Figures 2D–2F). The
blockade in synaptic homeostasis is independent of a re-
ported change in synapse development [10, 19]. Currently,
it remains unknown whether the block in synaptic homeo-
stasis in the cacS; GluRIIASP16 double mutant is caused by
a general defect in synaptic transmission or whether this
reflects an inability to homeostatically modulate presynaptic
Ca2+ influx. To distinguish between these possibilities, we
examined presynaptic Ca2+ influx in cacS mutant animals
and in cacS; GluRIIASP16 double mutants (Figure 2A). First,
we found that the peak amplitude of Ca2+ transients
measured in cacS mutants was significantly smaller thanthat observed in wild-type (Figure 2B, light blue and gray
data; p < 0.001). This is consistent with a defect in baseline
transmission in the cacS mutant. Next, we showed that there
is no significant difference in Ca2+ transient peak amplitude
between cacS mutants and cacS; GluRIIASP16 double mutants
(Figure 2B, light blue and dark blue data; p = 0.5), demon-
strating that homeostatic modulation of presynaptic Ca2+
influx is blocked in the cacS; GluRIIASP16 double mutant. As
shown in Figure 2C, there was no significant change in base-
line fluorescence (p = 0.69) and decay kinetics (p = 0.09)
between cacS and cacS; GluRIIASP16 double mutants. Impor-
tantly, defects in baseline transmission seen in cacS and
altered homeostatic modulation of release were correlated
with changes in presynaptic calcium influx (Figures 2D–2F).
In conclusion, the modulation of presynaptic Ca2+ influx
through the CaV2.1 channel is necessary for the sustained
expression of homeostatic plasticity in the GluRIIASP16
mutant background because the homeostatic increases
in Ca2+ influx and release (Figures 2D–2F) are completely
blocked by the cacS mutation.
Figure 3. Homeostatic Increase in Ca2+ Influx at
cacTS2 Mutant Synapses
(A) Representative traces of spatially averaged
Ca2+ transients of the indicated genotypes
(average of 8–12 scans each).
(B) DF/F Ca2+ transient peak amplitudes
(average and cumulative frequency plot) of
control (n = 31 boutons; gray), cacTS2 (n = 32;
light blue), and cacTS2; GluRIIASP16 (n = 32;
dark blue). All data were collected at room
temperature. The peak amplitudes of cacTS2
mutants and cacTS2; GluRIIASP16 double mutants
were smaller than in control (cacTS2 versus
control, ***p < 0.0001; cacTS2; GluRIIASP16 versus
control, **p = 0.004), and there was a significant
difference in peak amplitude between cacTS2
mutants and cacTS2; GluRIIASP16 (**p = 0.007).
Note that cacTS2; GluRIIASP16 double mutants display normal synaptic homeostasis at room temperature (see D) [10].
(C) Average baseline fluorescence (Fbase) and decay time constant (t) of the groups introduced in (B).
(D) Average mEPSP amplitude (mEPSP), Ca2+ transient peak amplitude (DF/F), and quantal content of cacTS2; GluRIIASP16 double mutants normalized
to cacTS2. Electrophysiology data are based on a separate set of experiments (cacTS2, mEPSP = 1.0 6 0.01mV, EPSP = 42.9 6 1.8mV, n = 15; cacTS2;
GluRIIASP16, mEPSP = 0.44 6 0.03mV, EPSP = 43.6 6 4.0mV, n = 8). The dashed line indicates 100% of the respective cacTS2 control value.
All values are represented as the mean 6 SEM. Raw Ca2+ imaging data are also shown Table S1.
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Channel Insensitive to Retrograde Homeostatic Signaling
We have shown that a single amino acid substitution within
a transmembrane domain of CaV2.1 channel renders this
channel unable to participate in homeostatic plasticity. What
does the cacS point mutation in CaV2.1 do to prevent the
homeostatic modulation of presynaptic Ca2+ influx? One
possibility is that this mutation directly affects the Ca2+
channel, either by keeping individual channels from passing
more Ca2+, or by affecting the number of channels that are
opened by a presynaptic AP. Alternatively, this mutation could
render the channel unable to respond to the retrograde
homeostatic signal. First, changing the extracellular Ca2+
concentration increases presynaptic transmitter release in
the cacS mutant [10]. Thus, a given number of cacS mutant
channels can pass more Ca2+ in response to an increased
driving force for Ca2+. Next, we explored whether the cacS
mutation prevents the modulation of calcium influx in
response to AP broadening. We demonstrated that presyn-
aptic AP broadening in the presence of the potassium channel
blocker 4-aminopyridine is able to potentiate release in cacS
mutants to a degree similar to wild-type (Figures 2G and 2H;
p = 0.66; note that extracellular calcium concentration is
adjusted to normalize baseline release in this experiment).
Thus, it appears possible tomodulate the number and/or func-
tion of cacSmutant channels that open during an AP. Because
other forms of modulation, such as presynaptic AP broad-
ening, can achieve an increase in release in cacSmutant chan-
nels, it appears that the cacS mutation might specifically
render this channel insensitive to the homeostatic signaling
system.
Voltage-gated Ca2+ channel function is regulated by
changes in the intracellular Ca2+ concentration [20]. It remains
possible that a decrease in Ca2+ influx itself prevents the
capacity of the cacS mutant channel to undergo modulation.
Therefore, we examined an independent point mutation in
the CaV2.1 Ca2+ channel, the cacTS2mutation (P1385S), which
resides in the intracellular C-terminal domain [21, 22]. This
mutation, at room temperature, causes a significant decrease
in baseline synaptic transmission but does not block synaptic
homeostasis when placed in the GluRIIASP16 mutant back-
ground [10]. In agreement with a previous study, we showedthat the cacTS2 mutation diminishes presynaptic Ca2+ influx
at room temperature (Figures 3A and 3B) [23] to an extent
similar to that observed in cacS. Next, we demonstrated
a statistically significant increase in presynaptic Ca2+ influx
comparing cacTS2 with cacTS2; GluRIIASP16 double mutants
(Figure 3B; p = 0.007). As shown in Figure 3C, there was no
significant change in baseline fluorescence between cacTS2
mutants and cacTS2; GluRIIASP16 double mutants (p = 0.38).
However, Ca2+ transients decayed significantly faster in
cacTS2; GluRIIASP16 double mutants compared to cacTS2
mutants (Figure 3C; p < 0.001), indicating that Ca2+ buffering
and/or extrusion might be changed in cacTS2; GluRIIASP16
double mutants. The increase in presynaptic Ca2+ influx in
cacTS2; GluRIIASP16 compared to cacTS2 was paralleled by
a corresponding increase in release (Figure 3D). Note that
the increase in Ca2+ influx seen in cacTS2; GluRIIASP16mutants
remained below wild-type levels, whereas the homeostatic
increase in release was similar to wild-type. This suggests
that other mechanisms participate in the homeostatic potenti-
ation of release (Figure S2). Together, these data demonstrate
that a defect in baseline Ca2+ influx does not necessarily block
the capacity for a homeostatic increase in Ca2+ influx. Regard-
less of how the cacS mutation ultimately blocks the homeo-
static change in Ca2+ channel function and/or number, these
data directly link the modulation of presynaptic Ca2+ influx
through the presynaptic CaV2.1 Ca2+ channel to the homeo-
static signaling system that controls presynaptic release.
No Change in the Sucrose-Sensitive Vesicle Pool and
EGTA Sensitivity of Release during Synaptic Homeostasis
The homeostatic increase in transmitter release could involve
changes in addition to increased Ca2+ influx. There is
evidence that homeostatic enhancement of release at the
DrosophilaNMJ is not paralleled by changes in the Ca2+ coop-
erativity of release [10, 11]. However, in principle, a change in
the primed/docked vesicle pool could contribute to the
homeostatic increase in release. To probe the primed/docked
vesicle pool during synaptic homeostasis, we investigated the
vesicle pool that can be released by application of hypertonic
saline [24, 25]. As shown in Figure 4A, application of hyper-
tonic solution (420 mM sucrose for 3 s) elicited an increase
in mEPSP rate that decayed exponentially. The sucrose
Figure 4. Sucrose-Sensitive Vesicle Pool and EGTA Sensitivity of Release
during Synaptic Homeostasis
(A) ExamplemEPSP trace (top), mEPSP frequency (mEPSP #/s,middle), and
mEPSP integral (cumulative mEPSP number, ‘‘cum. mEPSP #,’’ bottom) of
a wild-type synapse during a sucrose challenge (top; 420 mM sucrose for
3 s, red bar). A magnified version of the mEPSP trace around the time of
sucrose application is shown on the right (gray box). The mEPSP integral
that was considered for analysis (a 20 s interval beginning at the onset of
sucrose application) is highlighted by red marks (bottom trace).
(B) Average peak mEPSP frequency (left) and mEPSP integral (right) of
PhTX-treated synapses (n = 15; red) and controls (n = 8; gray). There was
no significant difference in both parameters between PhTX-group and
control group (both p > 0.05).
(C) Average quantal content of wild-type (control) and GluRIIASP16 mutants
under control conditions (2EGTA) and after EGTA-AM incubation (25 mM
EGTA-AM for 10 min; see Experimental Procedures; +EGTA). Average
quantal content after EGTA incubation normalized to control (Norm. Quantal
Content, middle) and cumulative frequency histogram of normalized
quantal content (right) in the absence (2) and presence (+) of EGTA-AM.
Control (2), n = 13; control (+), n = 12; GluRIIASP16 (2), n = 15; GluRIIASP16
(+), n = 18. EGTA application induced a similar decrease in quantal content
in GluRIIASP16 mutants and control (p = 0.91).
All values are represented as themean6 SEM. See Figure S2 for data on the
readily releasable vesicle pool during synaptic homeostasis.
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left) and the total number of vesicles released (Figure 4B,
right) were similar comparing control synapses with synapses
treated with PhTX (both p > 0.05). Thus, the induction of
synaptic homeostasis does not correlate with a measurable
increase in the size of the sucrose-sensitive vesicle pool.
This finding is in good agreement with previous data showing
that homeostatic potentiation of release is not accompanied
by major changes in the number of morphologically identified
active zones quantified by immunostaining against the active
zone component Bruchpilot [10, 26].
Another possibility is that a decrease in the average distance
between releasable vesicles and the Ca2+ channels could
participate in the homeostatic potentiation of presynaptic
release. To test this possibility, we assayed the effects of the
slow Ca2+ buffer EGTA on release, comparing wild-type with
GluRIIASP16 mutant animals. Because of the relatively slow
Ca2+-binding rate of EGTA [27], EGTA is expected to primarilyaffect the release of vesicles that are located at a significant
distance from the sites of Ca2+ influx. Therefore, if the homeo-
static enhancement of release is associated with increased
coupling of vesicles closer to the Ca2+ channel, then this
should be reflected by a decrease in the EGTA sensitivity of
release. As shown in Figure 4C, the relative decrease in quantal
content induced by EGTA-AM application (25 mM for 10 min)
was similar between GluRIIASP16 mutants (62% 6 5% of
control; Figure 4C) and wild-type (63% 6 5% of control;
Figure 4C; p = 0.92). This implies that a change in Ca2+ sensi-
tivity due to a decreased average distance between releasable
vesicles and Ca2+ channels does not underlie the homeostatic
increase in release.
If the homeostatic enhancement of release is solely due to
a change in presynaptic Ca2+ influx without concomitant
changes in the number of releasable vesicles, then repetitive
stimulation of homeostatically challenged synapses is ex-
pected to result inmore pronounced vesicle depletion. Indeed,
there is evidence for increased synaptic depression in GluRIIA
mutants and following PhTX application [10, 26]. However, in
agreement with a recent study [26], we observed that homeo-
static potentiation was paralleled by an increased number of
release-ready vesicles, as assayed by the method of back
extrapolation of cumulative excitatory postsynaptic current
amplitudes during stimulus trains [28] (Figure S2). The increase
in the number of release-ready vesicles detected by this assay
could be a direct or an indirect consequence of the homeo-
static change in presynaptic Ca2+ influx and might help the
potentiated synapse to sustain release during ongoing
activity.
Work from several laboratories has provided evidence that
chronic manipulation of neural activity in cultured mammalian
neurons is associated with a compensatory change in presyn-
aptic neurotransmitter release and a change in presynaptic
Ca2+ influx [29, 30]. However, it remains unknown whether
these homeostatic changes in release are caused by altered
pre- versus postsynaptic activity, and it is unclear whether
a change in presynaptic calcium influx is essential for this
form of homeostatic plasticity in mammalian central neurons.
Ultimately, it will be exciting to determine whether the molec-
ular mechanisms identified in Drosophila, such as those
described here, will translate to mammalian central synapses.
Experimental Procedures
Fly Stocks and Genetics
Drosophila stocks were maintained at room temperature. Unless otherwise
noted, all fly lines were obtained from the Bloomington Drosophila Stock
Center. The w1118 strain was used as a wild-type control.
Ca2+ Imaging
Third-instar larvae were dissected, and the motor axons were cut near the
NMJ. The dissected preparation was incubated in ice-cold, Ca2+-free HL3
containing 5 mM Oregon green 488 BAPTA-1 (OGB-1) (hexapotassium
salt, Invitrogen) and 1 mM Alexa 568 (Invitrogen). After incubation for
10 min, the preparation was washed repeatedly with ice-cold HL3 for
10–15 min. Single AP-evoked spatially averaged Ca2+ transients were
measured in type 1b boutons synapsing onto muscle 6/7 of abdominal
segments A2/A3 at an extracellular [Ca2+] of 1 mM using a confocal laser-
scanning system (Ultima, Prairie Technologies) at room temperature. Exci-
tation light (488 nm) from an air-cooled krypton-argon laser was focused
onto the specimen using a 603 objective (1.0 NA, Olympus), and emitted
light was detected with a gallium arsenide phosphide-based photocathode
photomultiplier tube (Hamamatsu). Line scans across single boutons were
made at a frequency of 313 Hz. Fluorescence changes were quantified as
DF/F = (F(t)2 Fbaseline)/(Fbaseline2 Fbackground), where F(t) is the fluorescence
in a region of interest (ROI) containing a bouton at any given time, Fbaseline is
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Fbackground is the background fluorescence from an adjacent ROI without
any indicator-containing cellular structures. One synapse (4–12 boutons)
was imaged per preparation. The average Ca2+ transient of a single bouton
is based on 8–12 line scans. Experiments in which the resting fluorescence
decreased by >15% and/or had an Fbaseline > 650 arbitrary units were
excluded from analysis. Data of experimental and control groups were
collected side by side. Assuming a similar diffusion between OGB-1 and
Alexa 568, the intraterminal Ca2+ indicator concentration (47 6 18 mM, SD)
was roughly approximated by comparing the intraterminal OGB-1 and Alexa
568 fluorescence intensity with a calibration curve obtained frommeasuring
Alexa 568 fluorescence intensity of known Alexa 468 concentrations (dis-
solved in HL3) in small quartz glass cuvettes (VitroCom).
Electrophysiology
Sharp-electrode recordings were made from muscle 6 in abdominal
segment 2 and 3 of third-instar larvae using an Axopatch 200B or 700B
amplifier (Axon Instruments), as described previously [31]. The extracellular
HL3 saline contained 70 mM NaCl, 5 mM KCl, 10 mM MgCl2, 10 mM
NaHCO3, 115 mM sucrose, 4.2 mM trehalose, 5 mM HEPES, and 1 mM
(unless specified) CaCl2. For acute pharmacological homeostatic challenge,
larvae were incubated in philanthotoxin-433 (PhTX; 10 or 20 mM, Sigma-
Aldrich) for 10 min [10]. Sucrose was bath applied (420 mM sucrose in
HL3 for 3 s; Figures 4A and 4B) via a glass pipette that was placed in ante-
rior-posterior orientation at the anterior end of the synapse at muscle 6/7,
similar to [25]. EGTA-AM (25 mM in HL3, Invitrogen; Figure 4C) was applied
to the dissected preparation for 10 min. After EGTA application, the prepa-
ration was washed with HL3 for 5 min. The average single AP-evoked EPSP
amplitude of each recording is based on 30 EPSPs. For each recording, at
least 100 mEPSPs were analyzed to obtain a mean mEPSP amplitude value.
Quantal content was estimated for each recording by calculating the ratio of
mean EPSP amplitude to mean mEPSP amplitude and then averaging
recordings across all NMJs for a given genotype. Quantal content values
in Figures 1, 2, and 3 are corrected for nonlinear summation [32].
Data Analysis
Ca2+ imaging data and evoked EPSPs were analyzed using custom-written
routines in Igor Pro 5.0 and 6.22 (Wavemetrics), and spontaneous mEPSPs
were analyzed using Mini Analysis 6.0.0.7 (Synaptosoft). Ca2+ imaging data
were acquired with Prairie View. All results are reported as average 6 SEM.
Statistical significance was assessed by Student’s t test, and significance
levels were indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
Supplemental Information
Supplemental Information includes one table and two figures and can be
found with this article online at doi:10.1016/j.cub.2012.04.018.
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